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NUMERICAL SIMULATION OF THE DYNAMICS OF LARGE FIRE PLUMES
AND THE PHENOMENON OF PUFFING

AHMED F. GHONIEM, ISSAM LAKKIS, anp MARIOS SOTERIOU

Department of Mechanical Engineering
Massachusetts Institute of Technology
Cambridge, MA 02139, USA

A vortex-based computational simulation of an axisymmetric fire plume is presented. The physical model
accounts for unsteady buoyancy dynamics, conductive and convective heat transfer, and fast combustion.
The effect of radiation is modeled by reducing the effective heat release from the combustion zone and
raising the temperature of the evaporate from the pool. Numerical solutions are obtained using a modified
vortex method in which the element vorticity is updated every time step according to source terms modeling
the impact of gravity and pressure gradients in variable density flows. Attention is focused on the unsteady
dynamics of the fire plume, or puffing, its dependence on the pool diameter, and the observed similarity
between the unsteady behavior of isothermal and fire plumes. The numerical results show that, except for
very low Reynolds numbers, fire and isothermal plumes oscillate at a frequency that depends most strongly
on the pool diameter. The oscillations are accompanied by the shedding of large burning structures at a
point located approximately one pool diameter aboveé the ground. Most of the burning occurs within these
structures, whose sizes are of the order of magnitude of the pool diameter. We find that the origin of the
instability is a Kelvin-Helmholtz type mechanism of the vortex sleeve that forms at the interface between
the fuel and air sides of the plume. The numerical results agree with experimental data on the shedding
frequency, the average size of the structures and average flame height. We also find that while the buoyancy
flux variation with height is different in fire and isothermal plumes, over a range of conditions, both cases

have similar density fields near the pool and thus similar shedding characteristics.

Introduction

The environmental impact of massive natural and
synthetic fires has received closer attention in recent
years. The injection of large amounts of combustion
products, including unburned hydrocarbons and
soot, into the atmosphere can lead to severe air pol-
lution problems locally and potentially on a regional
scale [1,2]. Experimental studies have been con-
ducted to determine the rate of burning and com-
position of products in pool fires, as laboratory mod-
els of massive fires, and examine the effect of scale
on the fire characteristics [3]. Analytical and numer-
ical modeling efforts have also focused on the same
configuration. This paper reports some results from
our program on the development and validation of
a computational simulation of large fires.

Experimental observations show that three zones

can be identified in a pool fire: the continuous flame
zone, the intermittent combustion zone, and the in-
ert }l)lume zone [3]. The first zone is located near the
})00, where fuel evaporation and air entrainment
ead to the formation of an oscillating laminar, lu-
minous flame envelope nearly attached to the pool.
In the second zone, the lame surface fluctuates vig-
orously in the horizontal and vertical directions. The
inert plume zone lies in the third zone where the
flow is nonreacting and turbulent.

One of the most prominent features of pool fires
is the periodic shedding of large burning structures,
or puffs, within the intermittent zone [4]. Judging
by similar phenomena in jet flames, this puffing is
likely to be critical to the entrainment rate of am-
bient air and hence in determining the burning and

* heat-release rates, and the products’ composition.

Experimental results on pool fires of different sizes
and fuels, including gaseous, liquid, and solid fuels,
show that the puffing frequency is strongly de-
pendent on the size of the pool and almost indepen-
dent of the fuel type. The correlation f = 1.5//D,
where the units of the puffing frequency, £, and the
pool diameter, D, are Hz and m, respectively, has
been suggested to summarize these data [3,4]. A

Strouhal number St = fD/\/gB = 0.5 can be used
to normalize this relationship, where g is the gravi-
tational acceleration. It has been argued that the or-
iiin of oscillation is related to buoyancy dynamics,
shear instability, buckling inviscid instability, forma-
tion of large scale structures, etc. [5-12].

It has been shown that, when instead of relying on
liquid fuel evaporation, gases are injected into the
pool, the burner exit fuel velocity V has a small but
finite influence on the puffing frequency. This influ-
ence is negligible for some diameters, provided that
the exit velocity is larger than a critical value re-
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quired to initiate pulsation [4]. Similar periodic mo-
tion was also observed in isothermal nonreacting
buoyant plumes [4,7,13]. In this case, the puffing
frequency scales with the pool diameter according
to the following relationship: S, ~ F7™ where the
Strouhal numberis §, = fD/V, and the Froude num-
ber is F, = V§/gD, with m = —0.38. Note that for
afire, m = —0.57. Clearly, more work is needed to
elucidate the mechanisms and result of unsteady
motion in fires.

The objectives of this work are to develop a com-
putational fire plume model that incorporates the
major physical mechanisms involved in determining
the rate of burning and intensity of a fire (buoyancy
dynamics, combustion, thermal convection, and ra-
diation) and to use this model in assessing the en-
vironmental impact of massive fires. The origin of
the fire plume model is a vortex-based computa-
tional model of a rising isothermal axisymmetric
plume that was developed, validated, and applied to
determine the nature of the oscillations observed
during the slow release of buoyant gases in a quiet
atmosphere [13]. The same model was used previ-
ously in wind-driven buoyant plume simulations
[14]. These periodic oscillations were investigated
over a wide range of parameters, such as the plume
base diameter, the density ratio, and the initial ve-
locity of the gas released. Good agreement with ex-
perimental measurements of the oscillation fre-
quency has been shown. In this paper, we discuss
the incorporation of combustion into the plume
model, as a first step toward a comprehensive fire
model, using a fast chemistry formulation, and use
this model to investigate the oscillations observed in
a fire plume.

Formulation

Experimental results suggest that under weak
wind conditions, fire plumes remain nearly axisym-
metric within the combustion zone [3,7,11]. For the
purpose of developing the model and validating the
results, we focus on the axisymmetric case. The gov-
erning equations are the continuity, momentum, en-
ergy, and species conservation equations and the
equation of state. Combustion in non»premixed
gases occurs when the fuel and oxidizer mix at the
molecular level and react within thin zones. In fire
plumes, chemical reaction rates are much faster than
diffusion rates, and thus the process controlling the
overall rate of burning is mixing (i.e., the entrain-
ment of the fuel and oxidizer toward the reaction
zone, followed by their interdiffusion within it). In
this case, reactants can be considered to burn as soon
as they come in contact; that is, the reaction zone
collapses onto an infinitely thin interface and the fuel
and oxidizer cease to coexist. In previous studies of
reacting shear flow, we have found this to be a rea-
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sonable approximation when one is interested in es-
timating the burning rate and the impact of com-
bustion on the flow field [15,16].

In this fast chemistry limit, the equations govern-
ing the distribution of species concentration and
temperature can be simplified greatly using the
Shvab-Zeldovich (SZ) variables. Assuming that the
mass diffusion coefficients are all the same and the
Lewis number is unity, these variables are con-
structed such that their governing equations are de-
void of a source term, that is, if £ is an SZ variable,
it is governed by

Dp_1
Dt P,

where ¢ is time, the Peclet number is P, = UD/q,
and a is the thermal diffusivity taken here as a con-
stant. Define the following SZ variables:

}..z Yo - ¢Yf,

A& (1

y=T~ andd = Y, (2)

_Q
1+ ¢ Y
where Y is the species concentration, subscripts o, f,
p, and d refer to oxygen, fuel, products, and diluent,
respectively, ¢ is the mass stoichiometric coefficient,
Q is the heat of reaction, and T is the temperature.
If these variables can be normalized such that the
resulting form has the same initial and boundary
conditions, then Eq. (1) is solved only once for all
SZ variables. We define this variable, {, the mixture
fraction, as follows:

L’=uforﬁ=l,y,or5 3)
Br— B,

where subscripts 0 and f refer to the boundary con-
ditions on the fuel and oxidizer sides of the plume,
respectively. The boundary conditions for { are, on
the fuel side, { = 1, and on the air side, = 0. We
nondimensionalize the variables with respect to a
combination of U = \/gg, D, atmospheric density
and temperature, p,, T,, respectively.

Numerical Scheme

The numerical method used to simulate the evo-
lution of the fire plume, the transport element
method, is based on integrating the vorticity trans-
port equation and the equations governing the gra-
dients of the scalars, both reacting and conserved
species, in their Lagrangian form [15,16]. This ap-
proach avoids the use of a grid and the discretization
of gradients among neighboring points with its con-
comitant numerical diffusion problems. It also al-
lows one to concentrate the computational points
around zones of highest gradient and to move these
elements to follow the gradients as they evolve. The
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method has been described in numerous publica-
tions before and used to simulate other reacting
flows; thus, it will not be discussed in detail here.
However, since it is extremely useful in interpreting
the numerical results, we will review the vorticity
transport equation and discuss its implications.

In this axisymmetric flow, only the azimuthal vor-
ticity, e, is nonzero, where

where r and z are the horizontal radial and vertical
axial directions, u and w are the velocity components
in the two directions, respectively. Its governing
equation is

Do uw 1 (op ap
—_— 4+ V _— = — |
Dt V- 2o r pz(araz
_%3_!’) 1dp l( 2 _52>
9z or +p26r+R,_, Vi r? @

where p is pressure. The second and third terms on
the left-hand side and the last term on the right-hand
side correspond, respectively, to vorticity modifica-
tion caused by volumetric expansion, stretch as the
ring radius changes, and molecular diffusion. None
of these terms can create or destroy rotation, the
total circulation associated with a material volume
remains constant under their action (diffusion
spreads vorticity over a larger material volume). On
the other hand, the first two terms on the right-hand
side can generate vorticity because of the interaction
between the density gradient and the hydrodynamic
pressure gradient ang the density gradient and grav-
ity. Starting from rest, they are responsible for con-
verting potential energy into kinetic energy, as will
be shown in the results.

The simulations were initiated by representing the
sharp gradient between the plume and air using nine
parallel layers of computational ring elements. As
the layers moved upward and rolled into the large
structures, more elements were introduced to main-
tain accuracy. Other numerical parameters, such as
the time step and maximum distance between neigh-
boring elements, were selected to ensure numerical
convergence. The boundary conditions at infinity
and on the ground were enforced exactly by select-
ing the appropriate Green functions for the velocity
components. To curtail the growth in the number of
computational elements, they were deleted as they
passed through a “soft” boundary located about five
pool diameters above the ground. Moving this
boundary higher did not affect the numerical solu-
tion within the first flame height in any significant
way.

Results and Discussion
We used the model described previously to sim-

ulate fire plumes over a range of conditions by vary-
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ing the plume diameter and kinematic viscosity to
change the Reynolds number, R, = UD/v, where v
is the kinematic viscosity, and Richardson number,

Ri - Pa — /)t 52
p Vi
independently. For most of the runs, transition to
unsteadiness and puffing was observed. However, at
very low values of R,, the plume remained laminar
and its shape resembled that of a converging chim-
ney. At low R,, puffing was irregular and the plume
tended to relaminarize for some time before resum-
ing its shedding. This was taken to indicate that
shedding resulted from an intrinsic flow instability,
most likely of a linear nature since only weak, nu-
merically induced perturbations were allowed,
which could be suppressed by viscous forces at low
R,. This does not indicate, however, that this is a
viscous instability, as will be shown later. In the fol-
lowing, we examine the high Reynolds number cases
only.

To investigate the fire plume dynamics, we present
the results obtained for the following parameters:
The molar masses and enthalpy of reaction are taken
to correspond to a methane-air mixture: M, = 16,
M, = 32, M, = 28, M, = 26.62, and Q = 70, while
¢ = 4.0. The boundary conditions at the pool are,
on the fuel side: Yr=109,Y, =007, =01, and
Yq = 0.0, plp, = 0.1975 and T/T, = 3.0, VU =
0.2. The values on the air side are Y; = 0.0, Y, =
0.2, Yp = 0.0, and Y; = 0.8. With B, = 103, these
values correspond to R; = 101. The heat of reaction
was reduced from its adiabatic value to account for
incomplete combustion and radiative losses, neither
of which are represented explicitly in the physical
model at this stage, and the initial temperature of
the fuel was assumed to be higher than atmospheric
temperature because of the intense radiative heat-
ing.
gl"he unsteady calculation was initiated by follow-
ing the material surrounding the interface between
the rising fuel and air. As this interface rises, it forms
the familiar mushroom cloud of buoyant flow. The
mechanism leading to the formation of this mush-
room can be understood by relating the geometry of
the plume to the vorticity transport equation. Along
the rising vertical surface of the plume, vorticity is
[gienerated because of the interaction between the

ensity gradient and gravity. We note here that the
plume gases are lighter than air as a result of their
lower molecular weight and higher temperature.
The latter is caused by the intense inward heating
by the flames surrounding the plume. The rate of
vorticity generation is proportional to the angle be-
tween the interface and the horizontal, that is, it is
maximum when the interface is vertical. This vortic-
ity rolls up close to the leading edge of the plume to
form a vortex ring that endows the plume with the
mushroom form.
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F16. 6. Puffing frequency dependence on the plume di-
ameter for fire and isothermal plumes.

shedding frequency predicted by our simulation,
which is obtained by analyzing the velocity spectrum
at a number of points above the pool, is S, = 3.6,
which for D = 0.1 m corresponds to f = 7.2 Hz.
This value agrees well with the experimental fit
shown in Fig. 1 in Ref. 4. Similar agreement was
found for other simulations at different conditions.

One of the interesting observations on fire plumes
is the qualitative similarity between their puffing and
that of isothermal plumes [4,7]. As mentioned pre-
viously, both oscillate at a frequency that depends on
a negative power of the Froude number. While the
exponents are different in both cases, as shown in
Fig. 6, which is taken from the compiled results in
[4], there is a range of overlap between the corre-
lations describing puffing in both cases. We simu-
lated isothermal plumes over a wide range of con-
ditions and obtained shedding frequencies very close
to those reported experimentally [13]. Thus, there
seems to be strong evidence that while the exact de-
pendence of the s%edding frequency on the pool di-
ameter may be slightly different in the isothermal
and reacting plume cases, over a rather wide range
of conditions the values of the two cases overlap (ie.,
there must be strong resemblance in the controlling
mechanism). i

To explain the origin of the similarity, we reex-
amine Fig. 3 in which the density distribution of
both the reacting plume and an isothermal plume
obtained at the same density ratio, Reynolds and
Froude numbers are shown. The figure shows a
strong similarity between the density distributions
for both cases near the pool, namely, before the ex-
treme necking and shedding of a large structure.
This similarity, which is in sharp contrast with the
corresponding temperature fields (Fig. 2) is a man-
ifestation of the fact that the density field depends
on both the temperature and the molecular weight
of the mixture.
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On the other hand, and in agreement with the
argument advanced by Delichatsios [17] to explain
the difference between the two cases, the buoyancy
flux, or flow rate of low density fluid increases up-
wards in the fire plume while it remains constant in
the nonreacting plume. As indicated in our earlier
discussion, it is the early stages, within the first 1-2
pool diameters, that seem to determine the shedding
dynamics in these plumes. This last remark is essen-
tial in explaining the qualitative, and within a rea-
sonably wide range, quantitative agreement between
the shedding frequency in both cases. It must be
added that at extreme values of the Froude number,
the shedding frequency and its dependence on the
pool diameter can differ substantially in both cases.
This is because at these extremes, the density dis-
tributions, even at the early stages, will be different
in both cases; for example, in the fire plume, it may
take longer to establish a low density fluid flux simi-
lar to that observed in the isothermal plume.

Conclusions

The development of a computational simulation
of a fire plume requires the incorporation of buoyant
flow dynamics, combustion, thermal convection, and
radiation. In this work, we simulate the unsteady axi-
symmetric flow dynamics directly while assuming in-
finitely fast chemistry and model radiation by reduc-
ing the heat of reaction of the mixture, assuming that
the initial temperature of the fuel is higher than the
atmospheric value and using a gaseous fuel pool. To
maintain computational efficiency, a Lagrangian nu-
merical scheme is used to perform the simulations.
Results of the numerical simulation of an axisym-
metric reacting plume show the following:

1. The computational model is capable of predicting
the puffing frequency, illuminating the dynamics
leading to puffing, and the underlying fields of
major species, temperature, and dynamic vari-
ables.

2. Puffing results from an intrinsic flow instability
associated with the formation of an axisymmetric
vortex sheet along the boundary between the in-
ner hot gases and the outer colder gases. Vorticity
is generated by the presence of a radial density
gradient in a gravity field. The instability leading
to puffing is associated, however, primarily with
the properties of the axisymmetric vortex sheet,

3. Puffing also occurs in isothermal plumes since
similar density gradients exist. The similarity be-
tween the density distributions at the early stages
of both reacting and in isothermal plumes is due
to governance by both the temperature distribu-
tion and the molecular weight of the mixture.
While in the reacting plume, the temperature in-
creases and then decreases sharply at the plume
interface, differences in molecular weights lead
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to a density distribution that resembles that en-
countered in inert plumes.
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COMMENTS

Viswanath R. Katta, Innovative Scientific Solutions, Inc.,
USA. There is a major differerice between the plume and
the plume flame. In the former, temperature and velocity
decay with radial distance. However, in the plume flames,
fuel diffuses radially outward from the plume jet and burns
in the flame zone. This particular feature of the flame
makes the velocity of the plume flame decay faster than
the temperature; which, consequently puts the thermal
layer in a relatively lower velocity regime of the velocity
profile. Naturally, lower velocity results in lower frequency.
Therefore, for the same exit velocity, flickering frequency
associated with the plume will be higher than that of the
plume flame. If the jet velocity is low, then differences in
the instability mechanisms play a big role.

Author’s Reply. The authors are delighted that their pro-
vocative statement regarding the closeness of shedding fre-
quency of isothermal and reacting plumes, within a certain
range of Fronde number, can be explained by the similarity
between the density fields in both cases, has generated so
much discussion. In order to support this statement, one
need only remember, as shown by the results in Figs. 2, 3
and 5, that the onset of the instability leading to the shed-
ding or puffing, occurs very close to the pool, within a pool

radius above the ground (this is well supported by experi-
mental data, see Ref. 3). Within this length, very little com-
bustion has taken place and the density gradient is estab-
lished essentially by the interface between the rising plume
material and air. Thus, even in the reacting plume, the in-
stability is initiated at the very early stages within the shear
layer across which the density difference is that between
the fuel evaporate and air.

Within the range of Fronde number, which according to
Ref. 4 spans nearly 5 orders of magnitudes, discussed in
the paper conditions seem to be right for the two density
fields to be so similar that the puffing frequencies of both
cases are nearly the same. Incidently, and contrary to the
comment, the puffing frequency of the reacting plume
could be higher or lower than that of the isothermal plume
depending on the value of the Fronde number.

M. A. Delichatsios, FMRC, USA. The fact that the two
correlations (for Helium flow and pool fires) show a region
where they have frequency values very close with each
other does not mean that physics of oscillations are the
same for the two situations. The difference in physics for
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these two situations is explained in a paper to be published
shortly [1].
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Author’s Reply. We agree that several aspects of the
physics of the isothermal plume and the reacting plume
differ since, as pointed out by Delichalios in the referenced
note, the buoyancy flux is constant in the former and in-
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creases within the flame height in the latter. However, as
we pointed out in our response to the first comment, the
onset of the instability leading to puffing occurs very close
to the pool and before any significant change in the buoy-
ancy flux due to combustion. This is supported by the den-
sity fields shown in Fig. 3 in which, within the early stages,
the density gradients are nearly identical. As such, for 10~
< 1/Fr < 105, we observe nearly the same values of St for
both cases. We should add that our results confirm the
theory that puffing is due to an intrinsic instability of the
shear layer developing between the plume gas and air, and
as has been illustrated in previous studies of similar insta-
bilities, the most unstable frequency is a strong function of
the density ratio across the shear layer.




